ABSTRACT: A variety of new stable and metastable Li−Sn and Li−Sb intermetallics are presented using the ab initio random structure searching (AIRSS) and species swapping methods. These include LiSn 2 −P4/
■ INTRODUCTION
Li−Sn and Li−Sb intermetallics have received renewed attention in recent years, particularly in the field of Li-ion batteries (LIBs), where Sn and Sb have been suggested as potential Li-alloy candidates to replace the currently used graphite intercalation anodes. 1 The binary Li−Sn phase diagram 2 shows the existence of Li 2 Sn 5 , LiSn, Li 7 Sn 3 , Li 5 Sn 2 , Li 13 Sn 5 , Li 7 Sn 2 , and Li 22 Sn 5 . However, a more accurate description of Li 22 Sn 5 was suggested to be Li 17 Sn 4 . 3 A voltage curve of Li−Sn using a coulometric titration technique was presented by Wang et al. 4 at 25 and 400°C. At 400°C the Li 5 Sn 2 phase found at 25°C was no longer present and a Li 2 Sn 5 phase arose. Courtney et al. 5 performed an ab initio calculation of the voltage curve considering the known experimental Li−Sn structures. They showed good agreement with experiment up to x = 2.5 in Li x Sn. However, the calculated voltage increased at x = 2.5 due to a metastable Li 5 Sn 2 phase included in the calculation and was followed by a sharp drop at x = 2.6, which makes the match between curves around this point questionable. It was suggested that for x > 2.5 the structure adopted a body-centered cubic-like lattice with Li and Sn atoms similarly as seen in Li 22 Sn 5 but with short-range order characteristics. A more recent comparison between experimental and calculated voltage curves using known phases was reported by Tran et al. 6 by using formation energies directly from the Materials Project. 7 A fairly good agreement was shown up to x = 2.5, and a deviation from the experiment was seen at larger Li concentration values. We note that the default k-point setting used in the 1.x versions of the Materials Project might have been inadequate to properly sample the Brillouin zone of metallics systems, resulting in inaccurate formation energies.
Unlike the Li−Sn case where many phases are present, only two are reported in the Li−Sb phase diagram: 8 Li 2 Sb and Li 3 Sb. Two polymorphs of Li 3 Sb have been reported: an ambient pressure hexagonal P6 3 /mmc phase and a high pressure cubic Fm3̅ m one. Upon lithiation of Sb, two plateaus are observed which correspond to Li 2 Sb and Li 3 Sb. 9 Interestingly, both the cubic and hexagonal phases have been shown to form electrochemically. 9, 10 During delithiation, Li 2 Sb is generally no longer observed and Li 3 Sb is converted directly to Sb, leading to hysteresis in the voltage curve. 11 The origin of the hysteresis has been discussed recently by Chang et al. 12 Compound Sn−Sb phases have also been considered as potential anodes for LIBs in several works (see references in ref 1) and have shown improved electrochemical performance. The plateaus observed in the voltage curve have been attributed mainly to multi-phase reactions usually involving Li x Sb/Li x Sn phases (see, for example, ref 13) . TiSnSb has also received attention in the context of anode materials for LIBs, where a reversible capacity of 540 mA h g −1 and 4070 mA h cm −3 at 2C rate and good cyclability were reported. 14, 15 The proposed lithiation mechanism in TiSnSb involves the formation of different Li−Sn and Li−Sb phases, some of them thought to be metastable with an as-yet unknown crystalline structure. 14, 15 In this paper, we present a structure prediction study of Li− Sn and Li−Sb intermetallics by combining the ab initio random structure searching method (AIRSS) with high-throughput screening from the Inorganic Crystal Structure Database (ICSD). We describe new stable and metastable phases predicted by our method including new Li 8 Sn 3 −R3̅ m and Li 7 Sn 2 −P1̅ phases which lie on the convex hull construction. We discuss the implication of these structures to the theoretically obtained voltage curve and compare them to previous experimental studies. A study of the mechanical stability of a new Li 2 Sn phase obtained by AIRSS is presented. We conclude with NMR calculations of the hexagonal and cubic Li 3 Sb compounds which are compared to experimental findings observed in ref 15 .
■ METHODS
The structure prediction was performed by combining the atomswapping method and AIRSS. 16 To gain initial understanding of the system, all combinations of {Li,Na,K}−{Si,Ge,Sn,Pb} and {Li,Na,K}− {P,As,Sb,Bi} crystal structures at different stoichiometries were obtained from the ICSD. For each structure, the anions and cations were swapped to Li and Sn from the set of {Li,Na,K} and {Si,Ge,Sn,Pb}, respectively, and to Sb from {P,As,Sb,Bi}. The resulting structures were then relaxed using Hellman−Feynman forces calculated from DFT. Subsequently, an AIRSS search was performed to fill gaps in the phase diagram which resulted in the discovery of new phases. The AIRSS method enables wide coverage of the potential energy surface of the system by relaxing randomly generated structures to a local minimum. On the basis of general physical principles and system-specific constraints, the search can be biased in a variety of sensible ways. 17 This AIRSS + species swapping method has been successfully used for Li−Si, 18 Li−Ge, 18, 19 Li−S, 20 Li−P, 21 and Li− MoS 2 22 systems. Furthermore, a study on point defects in silicon has been presented 23 using the AIRSS method. Approximately 9000 Li−Sn structures and 5000 Li−Sb structures were generated by AIRSS. The calculations were undertaken using the CASTEP DFT plane-wave code 24 using the gradient corrected Perdew−Burke−Ernzerhof (PBE) exchange-correlation functional. 25 The core electrons were described using Vanderbilt "ultrasoft" pseudopotentials. Initially, the Brillouin zone (BZ) was sampled using a Monkhorst−Pack grid 26 with a BZ integration grid spacing finer than 2π × 0.05 Å −1 and the plane wave basis set was truncated at an energy cutoff value of 500 eV for both systems. The low energy structures obtained in the initial search were then refined with higher accuracy using a k-point spacing finer than 2π × 0.03 Å −1 and an energy cut-off of 800 eV along with more accurate pseudopotentials [generated by the CASTEP on-the-fly generator: Li 1|1.2|10|15|20| 10U:20(qc = 6); Sn 3|2.2|10|15|20|50:51:42; Sb 3|2.2|10|15|20| 50:51: 42(compat7) ]. This level of accuracy was used to calculate all properties throughout this study, unless stated otherwise.
The system's thermodynamical phase stability was assessed by comparing the free energy of different phases. From the available DFT total energy, E{A a B b }, of a given binary phase of elements A and B with stoichiometry A a B b , it is possible to define a formation energy per atom,
The formation energies of each structure were plotted as a function of the A element concentration, = + u a a b , starting at u = 0 and ending at u = 1. A convex hull was constructed between the chemical potentials at (u, E f /atom) = (0, 0) and (1, 0) drawing a tie-line that joins the lowest energy structures, provided that it forms a convex function. This construction gives access to the 0 K stable structure since the second law of thermodynamics demands that the (free) energy per atom is a convex function of the relative concentrations of the atoms (see Figure 1 ).
Average voltages for the structures lying on the hull were calculated from the available DFT total energies. For two given phases on the hull, A x 1 B and A x 2 B with x 2 > x 1 , the following two phase reaction was assumed,
The voltage, V, for a monovalent carrier is given by
where it is assumed that the Gibbs energy can be approximated by the internal energy, as the pV and thermal energy contributions are small.
27
NMR chemical shielding was calculated using the Gauge Including Projector Augmented Wave (GIPAW) algorithm 28 implemented in CASTEP. The 7 Li shifts were referenced using a secondary reference, Li 2 CO 3 , at +1.1 ppm versus the 1.0 M LiCl (aq) primary reference at 0.0 ppm.
Phonon dispersion curves were calculated using Density functional perturbation theory in CASTEP 29 using norm-conserving pseudopotentials [generated by the CASTEP on-the-fly generator: Li 1|1.2|18| 21|24|10N:20N(qc = 8); Sn 3|2.4|12|14|16|50N:51N:42N(qc = 8)], the BZ was sampled using a Monkhorst−Pack grid 26 with a k-point spacing finer than 2π × 0.03 Å −1 , and the plane wave basis set was truncated at an energy cut-off of 1200 eV. The structures were fully relaxed at this level of accuracy. 
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Article ■ RESULTS Lithium Stanides. In Figure 1 we present a plot of formation energy as a function of Li concentration for structures obtained by the combined AIRSS and species swapping method. For clarity, only the lowest-energy structures within 20 meV/atom from the convex hull were included. The convex hull construction reveals a variety of new phases which were not experimentally reported. A description of the structures is given in Table 1 .
Low Li-Content Structures: x < 1 in Li x Sn. AIRSS finds three new structures with a small positive energy above the tie-line, well within DFT accuracy, in the range Li x Sn (x ≤ 1): LiSn 2 , Li 2 Sn 3 , and Li 7 Sn 9 .
LiSn 2 −P4/mmm appears 8 meV/atom from the tie-line. The structure has a double layer of Sn with intercalated Li as can be seen in Figure 2 Table 2 . The new Li 1 Sn 1 structure features layers of Sn atoms arranged in a cubic fashion with intercalated sheets of Li in-between (see Figure 2d ). The indistinguishable energy differences between the Pmm2 and the reported α and β phases suggest that Li 1 Sn 1 −Pmm2 is thermodynamically stable at 0 K.
In addition to Li 1 Sn 1 , this region shows a variety of new structures very close to the convex hull (see Table 1 for details). The tendency of the Li−Sn metastable phases to form cubiclike arrangements is again observed in Li 5 Sn 3 −Im3̅ m. The Sn ions are found to be arranged in a three-dimensional cubic arrangement, and Li forms a bcc-like sub-lattice as seen in Figure 2 f.
The Li 2 Sn−Cmcm phase is found 1 meV/atom above the hull. The structure is formed by in-plane zigzag-like Sn ions as seen in Figure 3a ,b. Li 2 Sn−Cmcm has not been found before we studied its dynamical stability by calculating the full density of states (phonon spectrum) as presented in Figure 3 c.
The convex hull construction predicts a Li 8 Sn 3 −R3̅ m structure to be stable at 0 K. The structure was obtained by swapping the Pb ions in Li 8 Pb 3 35 to Sn. The structure presents Sn dumbbells combined with isolated Sn atoms as shown in Figure 4 . AIRSS predicts a Li 7 Sn 2 −P1̅ phase 6 meV/atom lower in formation energy than the experimentally reported Cmmm phase. This difference remains unchanged after using a finer kpoint sampling, increased energy cut-off, and larger fast Fourier transform grids, suggesting that the energy difference is fully converged at the PBE level of theory. The Li 7 Sn 2 −P1̅ structure contains isolated Sn ions, and an illustration of the structures is presented in Figure 5 . The higher Li content structures in this region, Li 3 Sn and Li 4 Sn, comprise isolated Sn atoms.
High Li-Content Structures. The predicted Li−Sn phase diagram reveals metastable structures predicted by AIRSS which are found closer than 20 meV to the convex hull at stoichiometries of x = 5 and 7 in Li x Sn. All the structures contain Sn atoms dispersed in a sea of Li atoms.
Implications for Theoretical Voltage Curve. In Figure 6 we present for comparison the voltage curve calculated from the stable structures obtained here and the reported voltage curves in refs 4 and 5.
Lithium Antimonides. A plot of formation energy per atom as a function of Li concentration for the Li−Sb system is presented in Figure 7 . We have included the lowest-energy structures within 30 meV/atom from the convex hull which are described in Table 3 . No structures from species swapping were found in this range. In addition to the experimentally known 35 to Sn. The structure is predicted to be stable according to the convex hull construction at 0 K and features Sn dumbbells combined with isolated Sn atoms. Green and purple spheres denote Li and Sn atoms, respectively, with the purple lines indicating Sn−Sn bonds. Figure 5 . Li 7 Sn 2 −P1̅ structure is predicted to be stable according to he convex hull construction at 0 K. The structure shows isolated Sn atoms embedded in a sea of Li. Green and purple spheres denote Li and Sn atoms, respectively. AIRSS managed to find structures very close to the convex hull at almost all attempted stoichiometries in this regime, suggesting that insertion of antimony into amorphous lithium is favorable entropically.

■ DISCUSSION
The Li−Sn phase diagram presents a large variety of structures within 20 meV/atom from the convex hull. Having access to metastable structures has been shown to be extremely insightful when studying electrochemical processes, since these might occur far from equilibrium. AIRSS was able to reveal a pattern in the metastable structures for increasing Li content. By visual inspection, all the experimentally known and newly derived structures obey the same structural trend which can be interpreted in terms of cubically arranged layers → zigzag chains + dumbbells → isolated atoms. Structural trends in lithium intermetallics have been observed in a variety of studies performed by us, such as the Li−Ge, 19 Li−S, 20 and Li−P 21 systems, where the understanding of general structural changes upon lithiation played a critical role in the interpretation of high-resolution experiments. For example, this has been The discrepancy between the calculated and experimental (coulometric titration) voltage curves in 2 < x < 2.6 arises from the fact that Li 7 Sn 3 and Li 5 Sn 2 were not included in the voltage curve calculation, since only structures on the hull were used. The 25°C experimental curve shows a drop at x = 0.66 which is not described by the calculated voltage curve. AIRSS predicts a metastable Li 2 Sn 3 −P1̅ structure which could be responsible for the observed phase transition. 
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Article demonstrated in the interpretation of the continuous shift of the 7 Li resonance in the in situ NMR spectra of the Li−Ge system by a structural transformation from Li 7 Ge 3 to Li 7 Ge 2 predicted by AIRSS and the species swapping method. 19 New stable Li 2 Sn−Cmcm, Li 8 Sn 3 −R3̅ m, and Li 7 Sn 2 −P1̅ phases were predicted by the combined AIRSS + species swapping approach. Li 8 Sn 3 was not considered in the analysis of the phase diagram of the Li−Sn system presented by Sangster et al. 2 However, a previous study performed by Gasior et al. 42 suggested its existence. To the best of our knowledge, this is the first time its structure has been presented. Li 2 Sn−Cmcm has been obtained by AIRSS and is 1 meV/atom above the convex hull. The distance is well within DFT accuracy and comparable with known Li−Sn phases such as Li 5 Sn 2 and Li 7 Sn 3 . We have analyzed the mechanical stability of the Li 2 Sn−Cmcm phase and found no negative phonon frequencies, suggesting that the structure should be mechanically stable at 0 K. An ill-defined form of Li 7 Sn 2 has been observed at the end of lithiation of TiSbSn anodes. 14, 15 We hypothesize that the less ordered Li 7 Sn 2 −P1̅ phase revealed by AIRSS can form under certain electrochemical conditions, explaining the misfit between Operando Mossbauer spectra and the fit using the Li 7 Sn 2 − Cmmm phase. From the stable structures found on the convex hull we have calculated the theoretical voltage curve. Our theoretical voltage curve was obtained mainly from experimentally known structures and shows an excellent agreement with the coulometric titration experiment reported in ref 4 at 400°C for x > 1. The discrepancy between the calculated and experimental (coulometric titration) voltage curves in 2 < x < 2.6 arises from the fact that Li 7 Sn 3 and Li 5 Sn 2 were not included in the voltage curve calculation, since only stable structures were considered. Below x = 1, the high-temperature experimental voltage curve shows a sloped shape due to the liquid state of Sn-rich phases at 400°C. 43 The room temperature coulometric titration experiment shows welldefined plateaus also below x = 1. First, a voltage drop is observed at x = 0.4, which has been attributed to Li 2 Sn 5 and is well described by our calculated voltage curve. However, a major discrepancy is observed at x ≈ 0.66, where a sharp voltage drop in the experimental voltage curve is not reproduced by our theoretical calculation. AIRSS predicts a Li 2 Sn 3 −P1̅ phase 6 meV/atom from the convex hull. The proximity of the structure to the convex hull suggests that this potential candidate could form under specific electrochemical conditions. The formation of a Li 2 Sn 3 phase has been previously discussed, 44 but its crystalline structure has never been reported. For x > 2.6 in Li x Sn, our calculated voltage curve describes remarkably well the high-temperature experiment reported by Wang et al. 4 but not the low-temperature experiment which shows plateaus positioned at the same stoichiometries but at higher voltages. The differences between the experiments at different temperatures beyond x = 2.6 (hundreds of meVs) cannot be justified by entropic effects which were measured 45 to be of the order of tens of meVs. On the basis of these findings we hypothesize that the 25°C experiment is diffusion limited; however, further work is needed to fully understand whether the difference in the voltage is due to diffusion limitations or kinetically driven. Both attempts by Courtney and Tran fail to describe the experimental voltage curves beyond x = 2.5. Our convex hull shows that the x ≤ 2.5 and x ≥ 2.5 regimes are separated by the formation of Sn−Sn dumbbells at x = 2.5 which can facilitate the single phase reaction observed at x ≥ 2.5. We believe that in the galvanostatic test the system evolves via two-phase reactions up to the dumbbell region and from there it goes to a singlephase/amorphous regime. This has been seen in other systems such as Li−Ge, where dumbbells were predicted in both the metastable and the stable regions over a range of voltages. These were subsequently shown to interpret the NMR data (see ref 19 for details).
Our Li−Sb phase diagram is less rich with only three metastable phases appearing between 0 < x < 3 in Li 3 Sb within 30 meV/atom from the convex hull. Experimental studies observe only two stoichiometries formed electrochemically, which correspond to the known Li 2 Sb and both hexagonal and cubic Li 3 Sb. The Li−Sb system exhibits a preference to form a layered phase with P4/mmm symmetry at Li 1 Sb 1 , as observed in other systems such as Li−Si, Li−Ge, and Li−Sn. Our search shows a variety of structures at x > 3 in Li x Sb close to the convex hull tie-line, some of them within the accuracy of the DFT functional and therefore indistinguishable from stable. AIRSS searches at almost all stoichiometries we tried in this regime find structures very close to the convex hull which suggests low formation energies of Sb interstitials in richlithium environments. Furthermore, these phases were found after only a few attempts hinting that these structures might be easy to form. We have further investigated the possible effect of formation of high-lithium content phases on the system electrochemistry by calculating the average voltages of the lowest energy metastable structures, Li 4 46 ), without much performance degradation; hence, we suggest that the formation of highly lithiated phases also plays a part in efficiency degradation due to the proximity of their voltage to Li which can cause lithium plating.
Ex situ NMR measurements reported in ref 15 reveal two positive shifts at 3.8 and 7 ppm which have been assigned to Li 3 Sb-related phases. The 7 ppm resonance was suggested to correspond to a Li defect site in Li 3 Sb (see the Supporting Information therein for details). In addition, a series of negative resonances were reported and ascribed to changes in the electronic structure. 15 Not only do negative resonances make the full interpretation of the NMR pattern challenging, but also possible contributions from hexagonal-Li 3 Sb (observed in 3 Sb Fm3̅ m and P6 3 /mmc phases, which are of particular interest since it has been suggested that both form during the electrochemical process. 9 Our GIPAW calculations for the cubic-Li 3 Sb phase reveal two resonances at 3.1 (the octahedral site) and 9.1 ppm (from two tetrahedral sites). For the hexagonal-Li 3 Sb phase, two resonances are found at 9.7 and 6.6 ppm. An illustration with the resulting chemical shift is presented in Figure 10 . These were also calculated at two different pressures, both 2 and −2 GPa, where a maximum difference of 1 ppm was obtained suggesting that the results are robust with respect to volume changes associated with our choice of exchange−correlation functional. The calculated chemical shifts are close to the positive resonances observed in ref 15 . Our results provide for first time robust first principles chemical shifts for both phases which can be used as a diagnostic tool to evaluate relative contributions from octahedral and tetrahedral sites in cubic-Li 3 Sb and peak positions for both the hexagonal and the cubic phases. In addition, the calculations revealed a trend in the Li−Sb bond distances which are found to increase as the chemical shift decreases.
■ CONCLUSIONS
Despite several studies in the Li−Sn/Li−Sb systems, lithiation mechanisms are still far from being well-understood. We have performed a structure prediction study to give a better understanding of possible structural arrangements in these systems. The unique capability of AIRSS has provided access to metastable structures and enabled us to identify possible general structural evolutions of Sn and Sb under lithiation, from layers, through zigzag-chains, and then dumbbells to isolated atoms. Since our extensive searches find no structures near the hull which do not obey these trends, we believe these motifs to be dominant during cycling. This insight could not have been gained from structure databases since the metastable structures are also required to uncover the trends in the lithiation process, even if they play a minimal role in the voltage curves. We have discovered new phases including Li 2 Sn−Cmcm, Li 8 Sn 3 −R3̅ m, and Li 7 Sn 2 −P1̅ , which aid in the interpretation of subsequent experimental observations. The calculated voltage curve of the Li−Sn system was obtained mainly from experimentally known structures and shows good agreement to the experimentally observed voltage curve. Previous voltage curves presented were compared against standard galvanostatic data, and this is the first time, to the best of our knowledge, that a comparison between the DFT voltage curve and coulometric titration experiments has been made. We believe that the predictive nature of this work will stimulate an experimental revision of the system, and the new structures and structural trends discovered provide important insights about the system. The new candidate phases discovered in this work will play a significant role in subsequent high quality experimental investigations, in particular of multispecies electrodes such as LiSnSb and LiSnSbTi, where the need for a detailed (beyond the voltage profile) understanding of structures becomes more acute. By performing first principles NMR calculations, we have elucidated the origin of the stoichiometric Li 3 Sb references of both the hexagonal and the cubic phases. We have described the expected relative intensities and local order corresponding to each site and showed a trend in the NMR chemical shift as Li−Sb bond distances change. These results were compared to findings of Johnston et al. (Chem. Mater. 2016, 28, 4032) and are proposed as a tool for better understanding of experimental studies.
In summary, our study helps to understand previous experimental findings and provide a detailed description of possible structural arrangements that can aid the interpretation of future findings and guide experimental studies. 
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